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BY HIROO KANAMORI 
ABSTRACT 
Predictability of long-period (1 sec or longer) ground motions generated by 
long strike-slip earthquakes such as the 1906 San Francisco and the 1857 Fort 
Tejon earthquakes, is investigated. Most large earthquakes are complex multiple 
events at this period range, and the resulting round motion may be synthesized 
by convolving the ground motions of the individual event with the source function 
that describes the space-time history of the multiple shock sequence. Since it is 
not possible to predict deterministically the complexity of the rupture propaga- 
tion, a semi-empirical approach was taken. For the ground motion from the 
individual events, the displacement records observed for the 1968 Borrego 
Mountain, California, earthquake were used after correcting for the distance and 
the radiation pattern. These records which were used as an empirical Green's 
function for the individual events were superposed, with some randomness, to 
produce ground motions resulting from a large earthquake. The models were 
constrained by gross seismological data at three periods. At 1 sec they are 
constrained by the observed upper bound of the local magnitude (ML ---- 7¼), and, 
at about 10 sec, by the upper bound of the seismic moment of the individual 
event of multiple shocks (5 x 1026 dyne-cm). At very long periods, the models 
have the correct total seismic moment. The results obtained for a model of the 
1857 earthquake indicate that: (1) the velocity response spectra of ground 
motions in the near-field are nearly flat at about 50 cm/sec over the period 
range from 1 to 10 sec under normal conditions; (2) under certain circumstances 
they can be as large as 150 cm/sec; (3) the maximum duration of the ground 
motion is 6 min. These results are considered reasonable because they satisfy 
all the seismological constraints currently available over a wide period range. 
INTRODUCTION 
The nature of ground motions caused by earthquakes i  a subject of primary 
engineering interest. For most structures of engineering interest, relatively high- 
~equency (1Hz or higher) ground motions are most important. However, in view of 
the recent increase of large structures such as high-rise buildings, oil tanks, suspen- 
sion bridges, reservoirs, and off-shore oil drilling platforms which have long reso- 
nance periods, more detailed knowledge of long-period (1 to 10 sec) ground motions 
is becoming increasingly important. 
For short-period ground motions, a substantial amount of strong-motion data is 
available for various design purposes. However, data of very long-period waves, in  
particular those from very large earthquakes, are very few mainly because of the 
infrequent occurrence of such large earthquakes. Consequently, the nature of long- 
period ground motions from great earthquakes has been inferred from the results 
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obtained from smaller events (e.g., Jennings et al., 1968; Hanks, 1976). The past 
decade has seen significant progress in our understanding of the nature of large 
earthquakes, and it has become f asible to take a more direct approach to this 
problem by using seismological methods. 
Various numerical methods have been developed to compute ground motions 
from a dislocation source (e.g., Aki, 1968; Haske]], 1969; Helmberger and Malone, 
1975; Kawasaki et al., 1973, 1975; Herrmann and Nuttli, 1975a, b; Swanger and 
Boore, 1978). However, in applying these techniques to very large earthquakes, 
complexity ofthe rupture propagation must be known in detail. Unfortunately, such 
details are presently unknown, although some details of a large multiple-shock 
sequence have been unraveled (Kanamori and Stewart, 1978; Rial, 1978). Butler and 
Kanamori (1979) attempted a direct modeling procedure to compute long-period 
ground motions resulting from large strike-slip earthquakes. In the study of Butler 
and Kanamori, the complexity of rupture propagation had to be included in a 
somewhat d hoc fashion. 
In the present paper, we take a semi-empirical approach by using, as much as 
possible, various eismological data on the local magnitude, ML, the source com- 
plexity of large earthquakes, and near-field isplacement records observed for large 
earthquakes. We are primarily concerned with very Iong-perio d (I to I0 sec) ground 
motions generated bya great earthquake, especially by a long strike-slip earthquake 
such as the 1906 San Francisco r the 1857 Fort Tejon earthquakes. 
METHOD 
In principle, if the geometric shape and size of the fault plane, S, the slip/)(f, t) 
on the fault plane as a function of position f and time t, and the structure of the 
propagation medium are known, one can accurately compute the ground motion. 
However, in actual problems the slip D(~, t) can be a very complex function and the 
structure is not known in detail. Even if the structure is reasonably well known, it 
is usually laterally heterogeneous and the computation of the response isexceedingly 
cumbersome. 
For relatively small events (source dimension -<50 km), deterministic source 
models with a simple dislocation function have been successfully used to compute 
ground motions at the period range of our interest (1 to 10 sec). Examples include: 
1966 Parkfield earthquake (Aki, 1968; Haskell, 1969), 1943 Tottori earthquake 
(Kanamori, 1972), 1971 San Fernando earthquake (Mikumo, 1973a; Trifunac, 1974; 
Heaton and Helmberger, 1979), 1969 Gifu earthquake (Mikumo, 1973b), 1968 Sai- 
tama earthquake (Abe, 1974), 1968 Borrego Mountain earthquake (Heaton and 
Helmberger, 1977), 1973 Morgan Hill earthquake (Helmberger and Malone, 1975), 
and the 1976 Brawler earthquake (Heaton and Helmberger, 1978). However, when 
the source dimension becomes very large (e.g., longer than 100 km), the source 
process cannot be modeled by a simple smooth dislocation function even for the 
period range longer than 1 sec. Many studies have indicated that most large 
earthquakes are complex multiple events at this period range. For example, the 1976 
Guatemala earthquake (Kanamori and Stewart, 1978) can be modeled by approxi- 
mately 10 events with Ms -- 6.5 to 7 (fault length 10 to 20 km) which occurred in 
sequence along the fault. Stewart and Kanamori (1978) found complexity similar to 
this for an earthquake on the Anatolian Fault. These examples are shown in Figure 
1. The ground motion from this type of earthquake may be computed by convolving 
the ground motion of the individual event with the source function describing the 
space-time history of the multiple shock sequence. 
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However, in actual earthquakes, these point sources interfere with each other, 
producing very complex ground motions in the near field even at period ranges from 
1 to 10 sec. Since it is not possible to predict he details of such interference pattern 
deterministically, weuse gross seismological data to constrain the model. Specifi- 
cally, we use the local magnitude ML and the result of multiple-shock analysis of 
large earth~tuakes. The former constrains the strength of the ground motion at 
about 1 sec, and the latter at about 10 sec. 
Kanamori and Jennings (1978) and Jennings and Kanamori {1979) used a large 
number of strong-motion records and seismoscope r cords to determine ML for 
many large earthquakes. In particular, for the 1976 Guatemala earthquake and 1906 
San Francisco earthquake, special efforts were made for calibration of the method 
and the instruraents, mhe results are summarized in Figure 2 where the local 
magnitude ML is plotted against the surface-wave magnitude Ms. Although the data 
are still relatively sparse, a clear indication of saturation of the ML scale is seen; ML 
seems to be bounded at about 7{. This upper bound provides an important constraint 
on the amplitude of strong motions at the period of I sec. Saturation of ML has been 
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FIG. 1. Source-time series for the 1976 Guatemala earthquake (Kanamori and Stewart, 1978) and the 
1967 Mudurnu earthquake (Turkey) (Stewart and Kanamori, 1978). The ordinate shows the seismic 
moment of each event of the multiple shock sequences, and the event numbers are shown for the 
Guatemala earthquake, hT  is the average separation between two consecutive vents. 
interpreted in terms of a finite effective stress acting on the fault plane (Brune, 
1970). 
Kanamori and Stewart {1978), Rial {1978}, and Stewart and Kanam~l {1978) 
analyzed complex multiple shocks to determine the seismic moment of the individual 
events which constitute the multiple shock. As shown in Figure ] the maximum 
seismic moment of the individual events of the 1976 Guatemalan earthquake is
about 5 x 1026 dyne-cm. For the Caracas earthquake (Rial, 1978) it is 2 x 1026 dyne- 
cm. Also, among all strike-slip events which can be considered to be a relatively 
simple event at the period range of about 5 to 10 sec, no event has a seismic moment 
larger than 5 x 102s dyne-cm [e.g., 1943 Tottori earthquake, 3.6 x 102~ dyne-cm, 
Kanamori (1972}; for other events, see table 1 of Kanamori and Anderson, 1975]. 
These results suggest an upper bound of seismic moment of 5 x 102~ dyne-cm at 
periods of about 10 sec. This value will be used to constrain the amplitude at these 
periods. With these constraints from gross seismological data, we illustrate the 
method for the 1976 Guatemala earthquake. 
Since the multiple shock model obtained by Kanamori and Stewart (1978) {Figure 
1) was derived by using a point source, it does not provide the spatial distribution 
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of the individual shocks uniquely. Here, we use a spatial distribution of point sources 
shown in Figure 3 {also Table 1) to model the faulting sequence of the Guatemala 
earthquake. The event numbers shown in Figure 3 refer to those in Figure 1. This 
model is obtained by assuming that the rupture started from event 1 and was 
propagated bilaterally with a rupture velocity of 2 km/sec. This geometry is not 
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Fro. 2. Relation between Mr (local magnitude) and Ms (surface-wave magnitude), The local magni- 
tudes used here are obtained from either strong-motion records (Kanamori and Jermings, 1978) or 
seismoscope records (Jennings and Kanamori, 1979) and represent the strength of the ground motion 
near the epicentral area at the period of about 1 sec, 
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Fro. 3. Geometry of the fault model used for the 1976 Guatemala earthquake. Inset, definition of hi, 
i, and ~Pi. 
unique, and other geometries that produce the time sequence shown in Figure 1 can 
be constructed. However, the choice of the geometry is not particularly important 
for our present purpose. As we will show later, since the overall sequence of the 
events will be extensively randomized, the particular geometry of the model would 
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not directly affect the overall feature of the final result. Furthermore, there is no 
obvious reason to believe that earthquakes in the future have exactly the same 
geometry as the 1976 event. Our fundamental ssumption here is that the 1976 event 
represents the overall complexity of large earthquakes of this type. 
We now attempt o compute long-period ground motions at Guatemala City 
(hereafter, called the site) resulting from the fault model shown in Figure 3. For this 
distributed point-source model, the displacement a the site can be expressed as 
N 
u(t) = ~ f ( t -  ,li) (1) 
i~l 
where ~(t) is the displacement a  the site due to the ith point source, t is the time, 
N is the total number of the point source, and ~i is the delay due to the rupture 
propagation. In general, both 1~ and u are vectors. First we need to obtain fi(t). 
TABLE 1 
GEOMETRY OF THE MODEL FOR THE 1976 GUATEMALA 
EARTHQUAKE * 
M~ ~,~ 5~ ~, ~,t 
Event No. 102~ dyne-cm (deg) (km) (deg) (sec) 
4 2.4 0 223 65 28 
2 1.3 0 191 65 8 
1 2.1 0 157 65 0 
3 3.4 0 121 65 20 
6 3.3 0 83 65 50 
7 2.9 40 49 55 60 
8 5.3 80 28 25 70 
9 4.6 135 36 -35  90 
10 4.1 160 68 -55  100 
* For the symbols used, see Figure 2. 
t ~i is the delay due to the rupture propagation. 
If the depth, the source-time function, the size of the individual event, and the 
crustal structure are known, the resulting round motion can be calculated by using 
existing methods (e.g., Helmberger and Malone, 1975; Herrmann and Nuttli, 1975a, 
b; Heaton and Helmberger, 1977; Swanger and Boore, 1978; Butler and Kanamori, 
1979). However, this is not always very easy for several reasons. First, although the 
source-time function (far-field) of the individual events of the Guatemala earthquake 
can be approximated roughly by a trapezoid at periods around 10 sec (Kanamori 
and Stewart, 1978), it could be more complex at shorter periods (1 to 5 sec). Second, 
the distribution of dislocation as a function of depth is not known in detail. For the 
1968 Borrego Mountain earthquake, Burdick and Mellman (1976) and Heaton and 
Helmberger (1977) suggested a relatively concentrated source at a depth of 9 km. 
Third, the structure between the source and the site is not very well known; even if 
it is known, it is probably highly heterogeneous laterally and the computation 
becomes very cumbersome. 
In order to circumvent these difficulties we use an empirical method. Instead of 
computing ]~(t) numerically, we use observed seismograms from an earthquake 
comparable, both in size and geometry, to the individual event of the Guatemala 
earthquake. The idea of using an observed seismogram of a small earthquake as a 
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Green's function for computing the displacement from a larger earthquake has been 
utilized by Hartzell (1978). 
For our present purpose, the 1968 Borrego Mountain earthquake is the most 
adequate to represent the individual events of the Guatemala earthquake because: 
(1) the magnitude (Ms = 6.7, ML = 6.8, see Kanamori  and Jennings, 1978) is 
comparable to the individual event of the Guatemala earthquake, (2) the mechanism 
(nearly vertical strike-slip) is very similar to that  of the Guatemala earthquake and 
the Fort Tejon type earthquakes, (-3) very detailed source models are known 
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FIG. 4. Source-time s quence for event 6 {upper) and event 7 (lower) of the Guatemala earthquake. 
The Const. L model, arandom model R (2, 3.0) and Const. D model are shown. Mi is the seismic moment 
of the ith event in 10 '2~ dyne-cm, mi is the seismic moment of the unit event (in 1026 dyne-cm), and ni is 
the number of unit events used to represent the ith event. 
(Burdick and MeUman, 1976; Heaton and Helmberger, 1977), and (4) high-quality 
displacement records are available at four stations in a distance range from 67 to 
150 km (see Figures 5 and 6); the path to these stations amples various geological 
structures. 
In using this method we first make the following assumptions 
1. For a vertical strike-slip mechanism, the major contribution comes from SH 
and Love waves (Heaton and Helmberger, 1977; Butler and Kanamori, 1979); 
the contribution from Rayleigh waves is negligible. We can therefore assume 
that ]~(t) has only transverse component and is governed by the Love-wave 
radiation pattern cos 2~i where (~i s the azimuth measured from the fault strike 
(see Figure 3 for geometry). In practice, the displacement from a strike-slip 
event has considerable amplitude on the radial component due to the structural 
PREDICTING LONG-PERIOD GROUND MOTIONS FROM GREAT EARTHQUAKES 1651 
heterogeneity and small nonstrike-slip components of the source. This is 
particularly obvious at stations in the nodal direction of SH-wave radiation. 
However, when the amplitude is corrected for the radiation pattern, the 
transverse component is usually dominant. 
2. The effect of dispersion is not considered for the distance range studied here, 
i.e., 30 to 150 km. Although this assumption is very crude, the effect of 
dispersion is probably not very important for our purpose because the overall 
duration of the ground motion is mainly governed by the entire rupture 
propagation along the fault rather than the dispersion of the individual point 
source. 
3. The effect of attenuati~.n is also ignored. For the period range considered here, 
this is a reasonable assumption. For example, for Q = 300 and A (distance) = 
El Centro 
Sen Diego - - - . j ~  
Colton 
Ooo, e  
~120 sec 
AVR 
AVRI 
FIG. 5. Transverse (SH) component of the ground displacement observed for the 1968 Borrego 
Mountain earthquake. For the location of the stations El Centro, San Diego, Colton, and San Onofre, see 
Figure 6. AVR is the average of E1 Centro, San Diego and Colton, and AVR1 is that of all four stations. 
The amplitudes are normalized to that at a distance of 50 km and for the direction of the maximum of 
the radiation pattern of the Love wave. 
150 km, the amplitude diminution factor exp ( -  ~r 5/QTc) is about 0.9 at a 
period of 5 sec, where a phase velocity c = 3 km/sec is used. 
With these assumptions, the  amplitude decays as 1 /~,  and ]~(t) can be written 
as 
f ( t )= A~ cos2@ [ 1 ] 
cos 2----~ gi t - -c (Ao - &i) (2) 
where gi(t) is the displacement due to the ith point source at distance ho and azimuth 
~o; c is the phase velocity which will be assumed to be 3 km/sec. 
By using (2), equation (1) can be written as 
  cos20,[ 1 ] 
i=1 cos 2~o g i  t - c ( / to  - hi) . (3) 
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The next step is to express gi(t) in terms of the observed seismograms of the 
Borrego Mountain earthquake shown in Figure 5. One significant difference between 
the Borrego Mountain earthquake and the individual event of the Guatemala 
earthquake is in the seismic moment. The seismic moments of the individual events 
of the Guatemala earthquake range from 1.3 to 5.3 × 1026 dyne-cm and is significantly 
larger than that of the Borrego Mountain earthquake which ranges from 0.7 to 1.1 
× 1026 dyne-cm, (Burdick and Mellman, 1976; Heaton and Helmberger, 1977). Hence, 
it is necessary to add 1 to 6 (in general n) Borrego Mountain earthquakes to 
represent each point source of the Guatemala earthquake. There are at least three 
ways of doing this. First, n Borrego Mountain earthquakes are added simultaneously. 
This procedure results in a most energetic event because high-frequency waves as 
well as low-frequency waves are added in phase resulting in totally constructive 
interference. Second, n Borrego Mountain earthquakes are added with a uniform 
time delay of r with the total energy spread out over nT. In this case, short-period 
waves are diminished because of destructive interference similar to that which 
1 ton 
49.7 km 
Borrego Mt. Earthquake 
pril 9, ¢968 
El Centro 
,',=67.4 km 
FIG. 6. The location of the 1968 Borrego Mountain earthquake and the four stations hown in Figure 
5. 
occurs for a uniform propagating source (e.g., Haskell, 1964). The third model is 
intermediate b tween these two models; n Borrego Mountain earthquakes are added 
randomly in time, over a time interval of nT. When the n events cluster in time, this 
model approaches the first model, and when they are distributed uniformly in time, 
it approaches the second one. 
The first model represents an extreme case which is probably very unreasonable. 
In this case, since the amplitude is multiplied by n, the local magnitude of the total 
event becomes ignificantly ( -  log n times) larger than the Borrego Mountain 
earthquake. However, as shown by Jennings and Kanamori (1979), the local mag- 
nitude of the Guatemala earthquake (ML = 6.8) is essentially the same as that of 
the Borrego Mountain earthquake, ML = 6.8 (Kanamori and Jennings, 1978). 
The second model, on the other hand, represents the other extreme. Such a 
regular distribution is very unlikely to represent complex natural events. However, 
these two extreme models are useful as the upper and the lower bounds of the actual 
situation. In this paper, the first and the second model are called the Const. L model 
and the Const. D model, respectively, for the following reasons (see Figure 4). In the 
elastic dislocation model, the far-field source-time function can be represented by a 
triangular or a trapezoidal function. For the 1968 Borrego Mountain earthquake, 
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Burdick and MeUman (1976) and Heaton and Helmberger (1977) used a triangular 
source-time function. In these models, the width and the area of the triangular (or 
trapezoidal) function are proportional to the fault length L and the seismic moment, 
respectively. Since n events are added simultaneously in the first model, the 
corresponding source-time function becomes n times taller than that of each event, 
but the width remains unchanged. Therefore it is called the Const. L model. On the 
other hand, in the second model, n triangular source-time functions are staggered in 
time so that the effective width becomes nT but the dislocation D remains constant. 
Since the actual source-time function is more complex than the simple triangular 
function, the above picture is only approximate. Nevertheless, these names are 
convenient for understanding the physical picture of the models. The third model is 
called the R model, where R stands for random. 
In practice we obtain gi(t) as follows. Figure 5 shows the transverse component of 
the displacement record obtained at four stations, E1 Centro, San Diego, Colton, 
and San Onofre (see Figure 6). These records are obtained from strong-motion 
seismograms (California Institute of Technology, 1969 to 1976) by numerically 
rotating the two horizontal components into a transverse component. 
The amplitude of the record at each station has been multiplied by 
cos 2(~k (4) 
where hk and 0k are the distance and the azimuth (measured from the fault strike) 
to the individual station and A0 and ~0 are a reference distance and azimuth, here 
ho = 50 km and ~o = 0 (loop direction). This operation equalizes these records to 
those at distance ho and azimuth ¢~ under the assumptions made above. Therefore, 
if the propagation path is identical to all the stations these wave trains should have 
the same amplitude. The difference in the amplitude exhibited by Figure 5 is 
probably caused by a large lateral heterogeneity of the propagation path. Heaton 
and Helmberger (1977) and Swanger and Boore (1978) have shown that the wave 
form at E1 Centro can be explained in terms of a crustal wave guide of the Imperial 
Valley. In order to obtain an average of the displacement function, the average 
(straight average without delay) of the records at E1 Centro, San Diego, and Colton 
is taken and is shown as AVR in Figure 5. We consider that this record represents 
the average effect of the complex crustal structure. Including the record at San 
Onofre in the average does not change the result very much as shown by AVR1 in 
Figure 5. Since the E1 Centro record represents the rather special situation of the 
Imperial Valley (Heaton and Helmberger, 1977; Swanger and Boore, 1978), we will 
primarily use the AVR trace in the following calculations. However, since the E1 
Centro record is very well understood in terms of response function of the crust we 
will also use it in the following analysis. We denote these functions by go(t), and call 
it the empirical Green's function. 
By using go(t) we can write gi(t) as follows. Since the seismic moment Mi of the 
individual event is not an integral multiple of the seismic moment of the Borrego 
Mountain earthquake mo (too = 0.83 × 1026 dyne-cm is used) we first define ni by 
ni:[ l 
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] means the integer nearest to the argument. Then the Const. L model is 
g, ( t )=( - -~)n igo(t )  
where m, = M,/ni. Similarly, the Const. D model is given by 
gi( t) = ~. go( t - jr) 
j-1 
(5) 
(6) 
Guatemala -AVR 
j 
50 cm 
R(2, 2) 
Corst. D 
Fw,. 7. Computed ground motions at Guatemala City for four rupture models of the 1976 Guatemala 
earthquake. The AVR record shown in Figure 5 is used for the empirical Green's function. 
and the R model can be written as 
g, (t) = ~ go( t -  rj) (7) 
j-1 
where rj (]" = 1, 2, 3, . . . ,  n,) are the random time delays chosen between 0 and nir. 
In equations (5), (6), and (7), mi/mo is nearly equal to 1. 
Combining equation (3) with either (5), (6), or (7), the displacement a the site 
can be computed. The direction of the displacement u given by equation (3) changes 
as the rupture propagates along the fault; u(t), therefore, represents a two-dimen- 
sional vectorial displacement. Although the standard NS and EW components are 
also calculated from u(t) in the present study, only u(t) will be shown in the 
following figures. Since u(t) rotates over a large azimuthal range, the maximum 
amplitude of the NS or the EW component is about the same as that of u(t). In 
generating the random series rj, we used a random number subroutine RND (Prime 
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Computer, Inc., 1977) which generates a series of random numbers for a given preset 
index. For the first event of the multiple shock sequence, nl random numbers rl, r2, 
• .., rnl are generated for a given preset index/. Then rl, ~2, and Zn, are determined 
by 
r/~ 
~'; - - -  nl~, 1 = 1 . . . .  , nl. (8) 
max[rk] 
For the second event, I is replaced by I + 1 and the same procedure is applied. This 
procedure is repeated fo. all the events of a multiple shock. SinCe the model is 
represented in this scheme by two parameters, I and r, the R model thus generated 
is denoted by R(I, z). The examples shown in Figure 4 are for events 6 and 7 of the 
Guatemala earthquake model. 
TABLE 2 
SUMMARY OF THE RESULTS OBTAINED FOR THE 1976 
GUATEMALA EARTHQUAKE 
Model PP amp* (cm) M£t 
G - AVR 
Const. L 100.6 7.1 
Const. D (r = 3 sec) 23.5 6.6 
R (2, 3.0) 48.1 6.8 
R (4, 3.0) 73.8 6.6 
R (2, 5.0) 47.6 6.8 
R (2, 2.0) 51.7 6.7 
G - ELC 
Const. L 272.4 7.5 
Const. D (r = 3 sec) 68.0 7.0 
R (2, 3.0) 116.8 7.1 
R (4, 3.0) 175.3 7.0 
R (2, 5.0) 94.9 7.1 
* PP amp is the peak-to-peak amplitude of the com- 
puted ground motion. 
t ML is the local magnitude computed with a distance 
of 30 km. 
RESULTS FOR THE GUATEMALA EARTHQUAKE 
Figure 7 shows the results for four different rupture models of the 1976 Guatemala 
earthquake. The fault geometry used for the calculation is shown in Figure 3 and 
the displacement AVR is used for g0(t). The top trace is for the Const. L model 
which, as expected from the discussion in the previous section, shows the largest 
amplitude. The bottom trace is for the Const. D model (T =3.0 s~c) which has the 
smallest amplitude. The middle two traces are for two random models with the 
parameters I and T indicated in the parentheses. Although these two traces differ in 
details, the overall feature is very similar with a peak-to-peak amplitude of about 50 
cm. We made similar computations by using the E1 Centro record ELC. The results 
are summarized in Table 2. 
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Unfortunately, no observed strong-motion record is available for the Guatemala 
earthquake to compare with the results obtained here. One check can be made in 
terms of the local magnitude ML. In Table 2, the local magnitude ML is listed for 
each model. The local magnitude ML is computed by convolving the individual 
displacement with the instrument response of the Wood-Anderson seismograph and 
by measuring the maximum trace amplitude. The distance used for the calculation 
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Response  Spectra 
Dumping  5% 
Design 
Earthquake (At)  
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E-=3 sec) 
. . . . . . .  • R (2,5) 
.............. • R (4,5)  
. . . . .  • R (2 ,5)  
FIG. 8. Response pectra (velocity) computed for the five earthquake models. For each earthquake, 
five rupture models computed for the AVR Green's function are shown. Open symbols represent 
deterministic models; closed symbols, random odels. The spectra re computed for a damping equal to 
5 per cent of the critical damping. The heavy solid curve shows the spectrum ofthe A1 design earthquake 
(Jennings et al., 1968). 
of ML is measured between the site (Guatemala City) and the nearest point on the 
fault. Since the equalization method used in this study is not very appropriate at 
the relatively short-period range where ML is measured, these values should be 
considered approximate. Nevertheless, it is interesting to observe that the values for 
the random models with the AVR Green's function range from 6.6 to 6.8, which 
agrees very well with the value, 6.8, obtained by Jennings and Kanamori (1979} 
using the same distance. 
In order to show the spectral structure of these ground motions, response spectra 
Sv (velocity) with a damping of 0.05 (5 per cent of critical damping) are computed 
and shown in Figures 8e and 9e. As expected, the Const. L and Const. D models 
bracket he random models except at 3 sec. This peak is probably caused by the 
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regular interval of 3 sec with which superposition fg0(t) is made. In Figures 8 and 
9 the response spectrum for the design earthquake A1 (Jennings et al., 1978) is 
shown for comparison. For all random models with the AVR trace as go(t), the value 
of Sv is about .~ of the A1 earthquake at periods tess than 5 sec. However, at periods 
larger than 5 sec, a significant difference in the trend is seen. The computed response 
spectra are essentially fiat at periods longer than 5 sec while the spectrum of the A1 
earthquake decreases very sharply. When the ELC record is used for go(t), the 
2 4 6 8 ~0 
I I ! I ! l F l  -] 
 ooC . 
8o,qI~/-. 7~'!I/,Y ; oo~ " ~ " _ 
4o \ ~ - 
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I I i i1 -~ 
>" 400 (d) 
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2OO 
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8o - 7 ; ' "%, /~-  
~o ~/ ~,  . 
40 - p -  ELC o 
_L_  ] i I [ 18~J 
2 4 6 
2 4 6 8 i0 2 4 6 8 i0 
I ,R I  I l  ~ [ i  . : I l : l  
_ ' t  
-IFTP-ELCI :1 ~ Ib~l  I _~.F]TIGI: EL'~C i , .  : I t  
2 4 6 810 
~ Key 
- -G -ELC 
I I I 
2 4 
Response Spectre 
Dumping 5% 
Design 
Eor thquoke (A 1) 
- -  s Cons; L 
. . . .  o Consl. D 
(T =5 sec) 
. . . . . . . .  • R(2 ,3)  
, :, I1 '  • ............... • R(4 ,5 )  
68t0  
T. sec . . . . .  " R (2 ,5 )  
FIG. 9. Response pectra computed for the models with the ELC Green's function. For details ee the 
caption for Figure 8. 
computed spectra are about the same as that of the A1 earthquake at periods 
shorter than 5 sec. 
FORT TE JON-TYPE  EARTHQUAKE 
We now use this method to investigate the nature of long-period ground motions 
which would result from a large strike-slip earthquake similar to the 1857 Fort 
Tejon, California, earthquake. The geometry of the fault is sketched in Figure 10. 
This geometry is the same as that used by Butler and Kanamori (1979). Unlike the 
Guatemala earthquake, no data are available concerning the complexity of rupture 
propagation associated with this earthquake. Even if the complexity is known, there 
is no obvious reason why the rupture should occur in the same manner, in a 
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deterministic sense, as in the previous event. We therefore assume a geometry and 
proceed with the calculation. 
According to Sieh (1978) the displacement in the 1857 Fort Tejon earthquake was 
nearly twice as large in the northwestern half of the fault (e.g., Carrizo Plain) as 
that in the southeastern half of the fault. In dividing the fault model into a series of 
point sources, we consider the fact that the seismic moment of the individual events 
of observed multiple shocks seems to be bounded at about 5 × 1026 dyne-cm. On 
these grounds, we set up a model for a Fort Tejon type earthquake as shown in 
- -Nq  
San Luis ~ o Bakersfield 
Obispo ~"~X 
"v ~ Fort Tejon 
~ a l e  
Santa 
Barbara 
"~ ~ ~ ~  LOS 
"'~Anqeles 
OBarstow 
oSon Bernordino 
100 km 
~'~o San ~,~ ~-  .._...-------- 
'\~ M e x ico 
FIG. 10. The segment of the San Andreas Fault used for the computation ofground motions. 
Figure 11. The events from 1 to 8 have a seismic moment of 5.6 × 10 26 dyne-cm and 
those from 9 to 17 have 2.8 x 10 26 dyne-cm; the total seismic moment is 7 × 1027 
dyne-cm which is close to the estimate of Sieh (1978). 
Although this model appears too regular to represent the real fault structure, 
inclusion of randomness in adding elementary sources [g0(t)] at each point would 
randomize the overall characteristic of the  fault. We assume an average rupture 
velocity of 2 km/sec. 
In the following we consider four models. (1) FTS model: the rupture starts at the 
San Bernardino end (event 17) and propagates unilaterally toward the Parkfield 
end; (2) FTP model: the rupture starts at the Parkfield end (event 1) and propagates 
toward the San Bernardino end; (3) FTG model: the rupture starts at Gorman 
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(event 9)and propagates bilaterally; (4) P model: this may be called a Palmdale 
earthquake which breaks only the southern part of the fault (events 11 to 17). The 
rupture is assumed bilateral starting at event 14. 
In the following these model names are combined with either AVR or ELC to 
indicate the combination ofthe fault model and the empirical Green's function, g0(t) 
being used, e.g., FTS-AVR. 
M~=7 x 10 27 dyne-cm 
~,Parkfield ~' 
I 2"~ Fort Tejon Earthquake 
I I00 km 5 "%~L 
-%_  
. . . .  ~ Fort Tejon 
M =Si6xlO26dyne-cm 9 i~ lmdo le  
fo'r 1 to 8 San - ~ 
Bernardino 
M i =2.8 x 1026 ~ 17 
for 9 to 17 / o 
Los Angeles N 
FIG. 11. Geometry of the fault model for four Fort Tejon-type arthquakes. The event numbers refer 
to those in Table 3. 
TABLE 3 
GEOMETRY OF THE MODEL FOR FOUR FORT TEJON-TYPE EARTHQUAKES 
ML 4, A, ~, 
Event No. (10 ''~ dyne-cm) (deg) (km) (deg) 
(sec) 
FluS FTP FTG P 
1 5.6 0 322 -44 184 0 92 - -  
2 5.6 0 301 -44 172.5 11.5 80.5 - -  
3 5.6 0 279 -44  161 23 69 - -  
4 5.6 0 257 -44  149.5 34.5 57.5 - -  
5 5.6 0 232 -44  138 46 46 - -  
6 5.6 0 210 -44  126.5 57.5 34.5 - -  
7 5.6 0 186 -44  115 69 23 - -  
8 5.6 20 160 -41 103.5 80.5 11.5 - -  
9 2.8 42 136 -38  92.0 92 0 - -  
10 2.8 50 118 -30  80.5 103.5 11,5 - -  
11 2.8 55 103 - 19 69 115 23 34.5 
12 2.8 60 88 -7  57.5 126.5 34.5 23 
13 2:8 75 81 7 46 138 46 11.5 
14 2.8 85 77 22 34.5 149.5 57.5 0 
15 2.8 100 77 37 23 161 69 11.5 
16 2.8 115 85 51 11.5 172.5 80.5 23 
17 2.8 125 92 63 0 184 92.0 34.5 
We will consider a site south of downtown Los Angeles. The distance to this site 
is about 79 km from the nearest point on the fault. Geometries for these models are 
tabulated in Table 3. 
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Al l  the  resu l ts  computed  for var ious  fault  mode ls  are tabu la ted  in Tab les  4 to 7. 
In  total ,  70 mode ls  have been s tud ied  for both  the  Guatemala  ear thquake  and the 
For t  Te jon  ear thquake .  
F igure 12 shows the  resul ts  for FTSoAVR computed  for four  d i f ferent  rupture  
models .  The  overa l l  feature  is the same as that  for the  Guatemala  ear thquake;  the 
two determin is t i c  models ,  Const.  L and  Const.  D, b racket  the  two random models .  
The  response spect ra  are shown in F igure  8. The  resul ts  for FTP-AVR,  FTG-AVR,  
and P -AVR are shown in F igures  A1, A2, and A3 in the  Append ix .  
TABLE 4 
SUMMARY OF THE RESULTS FOR THE FTS MODEL 
Model PP amp (em) Mt 
FTS-AVR 
Const. L 63.2 7.5 
Const. D (T = 3 sec) 17.8 7.1 
R (2, 3.0) 33.4 7.0 
R (2, 2.0) 39.9 7.1 
R (4, 3.0) 31.2 7.2 
R (2, 5.0) 28.4 7.1 
R (2, 1.0) 49.9 7.2 
R (2, 4.0) 32.9 7.2 
R (4, 2.0) 34.8 7.1 
R (5, 2.0) 32.1 7.2 
R (6, 2.0) 44.1 7.3 
R (7, 2.0) 40.5 7.1 
FTS-ELC 
Const. L 177.5 8.0 
Const. D (~ = 3 sec) 51.9 7.4 
R (2, 3.0) 81.4 7.5 
R (4, 3.0) 86.1 7.6 
R (2, 5.0) 80.8 7.5 
R (2, 1.0) 155.7 7.6 
R (2, 2.0) 113.1 7.5 
R (2, 4.0) 72.9 7.6 
R (5, 3.0) 64.3 7.4 
R (6, 3.0) 85.9 7.6 
R (7, 3.0) 91.7 7.4 
R (8, 3.0) 89.7 7.6 
R (9, 3.0) 88.9 7.5 
R (10, 3.0) 115.4 7.5 
In  order  to examine the  effect of randomness  on the  ground mot ion,  ground 
mot ions  for the  FTS-AVR mode l  are  computed  for var ious  va lues of I and  r. F igure  
13 shows the  resu l ts  when I is var ied  wi th  ~ Fixed at  2 sec. F igure  14 shows the cases 
for var iab le  • wi th  I f ixed at  2. As shown by  these  f igures, changes  in I and z do not  
affect the major  features  of the  computed  ground mot ions.  S imi la r  compar i sons  are 
made in te rms of  response spect ra  in F igures  15 and 16. A l though the  deta i ls  of the  
spect ra l  s t ruc ture  change as the  va lues  of  v and  I change,  the  average level  of  the  
response does not  depend on these parameters  very  much.  Therefore ,  choice of  
these  parameters  is not  very  cr i t ical  to the f inal result .  
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TABLE  5 
SUMMARY OF THE RESULTS FOR THE FTP  MODEL 
Model PP amp (cm) ML 
FTP-AVR 
FTP-ELC 
Const. L 68.4 7.6 
Const. D (T = 3 sec) 16.9 7.2 
R (2, 2.0) 48.2 7.2 
R (2, 3.0) 49.5 7.3 
R (4, 3.0) 37.4 7.2 
R (2, 5.0) 57.7 7.3 
Const. L 212.7 8.0 
Const. D. (v = 3 sec) 42.8 7.6 
R (2, 3.0) 124.8 7.6 
R (4, 3.0) 110.6 7.6 
R (2, 5.0) 151.4 7.7 
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TABLE 6 
SUMMARY OF THE RESULTS FOR THE FTG MODEL 
Model PP amp (cm) ML 
FTG-AVR 
FTG-ELC 
Const. L 75.4 7.5 
Const. D (~ = 3 sec) 16.8 7.3 
R (2, 3.0) 41.0 7.2 
R (4, 3.0) 27.5 7.2 
R (2, 5.0) 37.3 7.3 
R (2, 2.0) 39.2 7.2 
Const. L 205.0 8.0 
Const. D (z = 3 sec) 55.0 7.7 
R (2, 3.0) 120.0 7.6 
R (4, 3.0) 86.4 7.7 
R (2, 5.0) 108A 7.7 
TABLE  7 
SUMMARY OF THE RESULTS FOR THE P (PALMDALE 
EARTHQUAKE) MODEL 
Model PP amp (era) ML 
P-AVR 
P-ELC 
Const. L 62.2 7.4 
Const. D (r = 3 sec) 18.8 7.0 
R (2, 3.0) 45.9 7.1 
R (4, 3.0) 34.4 7.1 
R (2, 5.0) 44.4 7.2 
R (2, 2.0) 45.1 7.2 
Const. L 177.3 7.9 
Const. D (~ = 3 sec) 53.9 7.4 
R (2, 3.0) 110.4 7.6 
R (4, 3.0) 90.3 7.4 
R (2, 5.0) I10.0 7.7 
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Figure 17 compares the ground motions computed for the four Fort Tejon-type 
earthquakes, and the Guatemala earthquake with the design earthquake A1. In 
Figure 17, the R(2, 3.0) model is used for the AVR source function. Despite large 
differences between these fault models regarding the fault length and geometry, the 
overall amplitude of the ground motion is about the same for all the models, and is 
about 32 of that of A1. It may be concluded that the ground motions hown in Figure 
Fort Tejon (Sun Bernordino)-=AVR 
Const. L ~ 
R(2, 3) 
R'(~, 2) 
--,--I 1 min. ~ 50  cm 
i 
Const. D " - 
FIG. 12. Computed ground motions for the FTS model (a Fort Tejon-type earthquake which ruptured 
from San Bernardino). The AVR Green's function is used. 
Fort Tejon (Son Bernordino)-AVR r--2 sec 
I2-- J '~" 
5 
FIG, 13. The effect of index I on the computed ground motions for the FTS-AVR model, • is fuxed at 
2 sec. 
17 represent the magnitude of long-period ground motions near a large strike slip 
fault of Fort Tejon type-earthquakes. We note here that two-thirds of the amplitude 
of the design earthquake A1 has been recommended for use in design studies of tall 
buildings in Los Angeles (A ---- 60 km from the San Andreas Fault) (Paul Jennings, 
personal communication, 19~9). 
A similar comparison is made for the ELC source function. The result is shown in 
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r Fort  Te jon (Son Bernard ino) -AVR I=2 
--~1 i rain. I~-- 
FIG. 14. The effect of r on the computed ground motions for the FTS-AVR model.  I is fixed at 2. 
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FIG. 15. The effect of index I on the response spectra computed for the FTS-ELC model. • is £Lxed at 
3 sec. 
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FIG. 16. The effect of • on the response spectra computed for the FTS-ELC model. I is fLxed at 2. 
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Figure A4 in the Appendix. In this case the maximum amplitude of the ground 
motion becomes ignificantly larger than that for the design earthquake A1. Since 
the ELC record represents the very special crustal structure of the Imperial Valley, 
these results should not be considered representative. However, it is important o 
note that under certain circumstances, uch as that encountered by the E1 Centro 
record, these large amplitudes can occur. 
AVR R(2, 3) 
FTS ~ 
ML=7.0 
ML=7.5 " V ~ 
T 
50cm 
ML=7. 2 ~ V ~t v ~ ~ ~ " 
t rain. ~-- 
Design E. At 
Fro. 17. Comparison of ground motions computed for the five earthquake models. Al design earth- 
quake is shown for comparison. 
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- - ' - -  • FTS  - - - - -oP  
Average  ........... • FTP  ~' G 
" . . . . . .  " FTG #"'A 
,:" fl ': 
ELC ~ . . . . . . . . . .  .~" ~,' ': 
• " B / /  
f \  -4  , .  
I " "~- -~f  I ~ I I I I 
2 5 4 5 6 78910 
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Fro. 18. Average response spectra (damping 5 per cent) for the five earthquake models. The average 
is taken for the three random models hown in Figures 8 and 9. The heavy solid curve is for the A1 design 
earthquake. 
Response spectra for these ground motions are shown in Figures 8 and 9. In all of 
these figures, the response spectrum for the design earthquake A1 is shown as 
reference. An important feature in these figures is that the two deterministic models, 
in general, bracket he random models whose response spectra re bunched together 
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within a reasonably small range regardless of the difference in the parameters 
governing the randomness. 
In order to summarize these results, the response spectra of the three random 
models for each model are averaged and the results are shown in Figure 18. 
Important features in this figure are: (1) For the AVR Green's function the average 
level of the spectrum for all the earthquake models is about -~ of that of the design 
earthquake A1 at periods shorter than 5 sec; (2) for the ELC Green's function, the 
average is comparable to that of A1 at periods shorter than 5 sec; (3) at periods 
longer than 5 sec, the trend of the spectra for the computed ground motion is very 
different from that of A1. The former is essentially flat to at least 10 sec, while the 
latter rolls off very sharply at periods longer than 5 sec. 
Another substantial difference between the computed ground motions and the 
design earthquake is in the duration of oscillations as shown by Figure 17. The 
Response T=5 sec, h=O.05 R(2, 5,0)-AVR 
FTS ~ ( 7 1 )  
FTP ~ (100) 
FTG ~ Pp= (117 cm/sec) 
~ min. N-- 
P ~ (95) 
.~, . 
G ---~q~lLII]l[~]¢~~ (145) Design E. AI 
FIG. 19. The response at 5 sec (5 per cent damping} computed for the five earthquake models. The 
random model R (2, 3.0) is used with the AVR Green's function. The response for the AI design 
earthquake is shown. Note that all the traces are plotted with the same amplitude. Numbers in 
parentheses indicate peak-to-peak value of the velocity. 
ground motion for the FTS model has the longest duration, nearly 6 min. In order 
to show the effect of this difference on the response, Figure 19 compares the response 
at 5 sec {damping 5 per cent) for the five earthquake models and A1. In most cases, 
the maximum occurs in the early part of the response so that the long durations of 
these ground motions would not affect the response spectra. The results for the 
ELC Green's function are shown in Figure A5 of the Appendix. 
The values of local magnitude ML for the models computed here are listed in 
Tables 4 to 7. The average values of ML for random models computed with the AVR 
Green's function are 7.15 for the FTS model, 7.25 :for the FTP model, 7.23 for the 
FTG model, and 7.15 for the P model. These values are very reasonable in view of 
the result of Jennings and Kanamori {1979) who estimated that ML for the 1906 San 
Francisco earthquake is probably bounded between 6.5 and 7.25. These values are 
also consistent with the saturation trend of ML shown in Figure 2. 
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DISCUSSION AND CONCLUSIONS 
Despite the recent progress in earthquake source mechanism studies, the details 
of the rupture propagation are still unknown. Furthermore, details of crustal 
structure in the epicentral area are not always known; even if they are known, 
complexity of the structure makes numerical computation fthe propagation effect 
exceedingly difficult, if not impossible. Inview of these uncertainties and difficulties, 
we chose to use a method which relies heavily on observed seismological data such 
as the local magnitude, ML, the strength of multiple shocks, and observed near-field 
displacement records of a large earthquake. These data were used in the light of 
recent earthquake source models to estimate a possible range of the amplitude of 
strong round motions in the epieentral reas of large strike-slip earthquakes. 
In view of the complexity ofthe problem, we attempted toestimate the range and 
the average of ground motion rather than compute itdeterministically. The average 
effect of complex rupture propagation was estimated by computing ground motions 
for a wide range of the random parameters which were introduced to represent the 
complex rupture process. The propagation path effect was averaged by taking the 
average of several displacement records of which the propagation path represents 
various geological provinces. 
Although various assumptions had to be made due to the lack of our knowledge 
on the details of rupture propagation and the crustal structure, it is encouraging 
that the results are reasonable in the light of all seismological data currently 
available. Specifically, our results are consistent with the data at three periods of 
seismic spectrum: (I) At long periods, the models have the correct seismic moment 
of the earthquake being modeled. (2) At about i0 sec, the source is modeled by a 
multiple vent which has complexity similar to that of very large strike-slip earth- 
quakes. The maximum seismic moment of the individual event of the multiple shock 
is bound at about 5 x 102G dyne-cm which is the observed maximum value for large 
strike slip events. (3) At short periods, about 1 sec, the computed ground motions 
give a value 6.8 to 7.2 for ML, which agrees with that estimated for the 1976 
Guatemala earthquake and the 1906 San Francisco earthquake and is close to the 
observationally established upper bound of the ML scale. 
Although the present study is concerned with ground motions from vertical strike- 
slip earthquakes ata period range 1 to I0 see, the method is in principle applicable 
to shorter period waves and to earthquakes with a fault geometry different from 
strike slip. For shorter period waves, the assumptions (2) (dispersion) and (3) 
(attenuation), in particular (3), are no longer valid. However, if more strong-motion 
data become available at various distances, it would be possible to obtain empirical 
Green's functions at various distances. Then the assumptions (2) and (3) are no 
longer necessary, and essentially the same method would be applicable. 
• Application to other fault geometries involves further complications. First, the 
contribution from Rayleigh waves (P and SV) is no longer negligible, and the 
assumption (1) must be modified. Second, the simple one-dimensional rupture 
propagation postulated here may not be adequate for other fault geometries. In 
particular, the rupture propagation oflarge thrust earthquakes atsubduction zones 
may be approximated more adequately by a two-dimensional propagation (e.g., 
Hirasawa nd Stauder, 1965). In such a case, a more complex method of superposi- 
tion of point sources than is used in this study would be required. Furthermore, for 
those thrust events, the data Of ML and the seismic moment of the constituent event 
of multiple shocks are not available at present. Application of the present method 
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to this type of earthquake must await accumulation of more empirical data On these 
events. 
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APPENDIX 
Fort Tejon (Parkfield)-AVR 
Const. L ~ ' ~ ' ~ ~ ~ J ~ ~  
50 cm 
R(2, 2) ~ V ~ ~ ~ / ~ f ~ ~  
1 rnm 
Const. D 
FIG. AI. Computed ground motions for the FTP-AVR model. 
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Fort Tejon (Gorman)-AVR 
Const L ~ 
R(2, 3) ~ ~  
50~cm 
R(2, 2) 
--~ t min. 
Const. D 
FIG. A2. Computed ground motions for the FTG-AVR model. 
Palmdale -AVR 
Const. L ~ 
R(2, 3) 
50 cm 
R(2, 2) ~ 
t min. I-,*-- 
Const. D 
Fro. A3. Computed ground motions for the P-AVR model. 
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ELC R(2, 5) 
ML.__75 ~WV,  ~ ~v 'v VV v VV ~ v . 
tm 
M,:7.6 , ,v  
--,'4 I min. 
G ~ 1  ~ "'v'~'~ -v v' ~ Design E. AI 
ML=7 
FIG. A4. Comparison of computed ground motions for the five earthquake models. The ELC Green's 
function is used. 
Response T:5 sec, h=O.OS, R(2, 3)-ELC 
FTP ~ (205) 
~ pp= 
FTG (278 cm/sec) 
-~1 ~ min N-- 
p ~ (244) ~ ( 2 1 1 )  
Design E. A~. 
G (287) 
FIG. A5. The response at 5 sec (5 per cent damping) computed for the five earthquake models. The 
random model R(2, 3.0) is used with the ELC Green's function. 
